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Rabbit distal convoluted tubule coexpresses NaCl cotransporter
and 11b-hydroxysteroid dehydrogenase II mRNA
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Rabbit distal convoluted tubule coexpresses NaCl cotransporter
and 11b-hydroxysteroid dehydrogenase 2 mRNA.
Background. Although the renal cortical collecting duct (CCD)
is a principal target for aldosterone, recent evidence suggests that
salt transport by other nephron segments may also be regulated by
aldosterone. Electroneutral and thiazide-sensitive NaCl cotrans-
port by the distal convoluted tubule (DCT) of the rat is increased
in animals deprived of dietary NaCl. We tested the hypothesis that
the DCT of the rabbit is an aldosterone target tissue.
Methods. The single-nephron reverse-transcriptase/polymerase
chain reaction (RT-PCR) technique was used to determine
mRNA expression of NaCl cotransporter and 11b-HSD 2 in
dissected nephron segments. The rabbit NaCl cotransporter was
first cloned and rabbit-specific primers selected. A micro-assay
was developed to assess 11b-HSD 2 enzyme activity in 0.5 mm
samples of the same nephron segments.
Results. NaCl cotransporter was expressed in 0 of 6 proximal
tubule (PT), 6 of 6 DCT and 3 of 6 CCD samples, while 11b-HSD
was found in 0 of 7 PT, 7 of 7 DCT and 9 of 9 CCD samples.
Corticosterone was converted to 11-dehydrocorticosterone at a
high rate and to a similar extent by both the DCT and CCD, but
not the PT.
Conclusions. We conclude that the DCT is a target tissue for the
action of aldosterone. Axial heterogeneity of electroneutral (in
DCT) and electrogenic (in CCD) Na transporters along the distal
nephron may improve sodium recovery in low salt and volume
states.
The presence of thiazide-sensitive sodium chloride trans-
port in the mammalian distal tubule (defined in the Appen-
dix) is well established [1–8]. Sodium transport and chlo-
ride absorption are mutually dependent, appear to be
electroneutral and inhibited by thiazide diuretics but not
the loop diuretic bumetanide [2, 3, 6].
Recently, the gene for a transporter mediating sodium
and chloride absorption was cloned from the flounder [9],
and subsequently from rat and human [10, 11] and mouse
(accession # U61085). The putative structure of the Na-Cl
cotransporter comprises 12 transmembrane-spanning seg-
ments and cytoplasmic amino-terminal and carboxy-termi-
nal tails [9].
In situ hybridization studies and single nephron hybrid-
ization experiments [8, 10, 12, 13] have localized the NaCl
cotransporter to the convoluted portion of the distal tubule
(distal convoluted tubule, DCT) in all mammalian species
studied to date with some expression in the beginning of
the connecting tubule (CNT) in rats and humans [12].
High salt delivery to the DCT increases its intrinsic
ability to transport NaCl [14]. However, thiazide-sensitive
salt transport is not exclusively dependent on the delivery
of sodium to the distal tubule. A greater capacity to absorb
NaCl was also observed in distal tubules of animals main-
tained on a low salt diet even though this group did not
have increased delivery of salt out of the loop of Henle nor
cellular hypertrophy when compared to animals on a high
salt intake [15]. Factors other than delivery of NaCl out of
the ascending limb to the distal nephron appear to influ-
ence DCT function.
Fludrocortisone, a mineralocorticoid hormone, was
shown to increase thiazide-diuretic binding to renal cortical
membrane proteins and decrease rates of chloride excre-
tion [16, 17]. Aldosterone and dexamethasone administra-
tion to adrenalectomized rats each resulted in increases in
3H-metolazone binding to kidney membranes [16, 18].
These findings, together with the observation that feeding a
low salt diet to rats results in a higher rate of thiazide-
sensitive NaCl transport [15], suggest that adrenal steroids
may control salt absorption by the DCT independent of the
rate of salt delivered to this segment.
If aldosterone acts via mineralocorticoid receptors in the
DCT [19, 20], however, it must compete with endogenous
glucocorticoids for binding. Mineralocorticoid receptors
have similar affinity for mineralocorticoids and glucocorti-
coids [21]. Since glucocorticoids circulate at much higher
concentrations, mineralocorticoid receptors will be occu-
pied primarily by glucocorticoids. In vivo fluctuations in
aldosterone levels may, thus, not be able to regulate DCT
cell salt transport unless the mineralocorticoid receptor
were protected from glucocorticoids.
The effectiveness of aldosterone in its target cells relies
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on the presence of 11b-hyhdroxysteroid dehydrogenase
(11b-HSD), an enzyme that metabolizes and inactivates
glucocorticoids that enter these cells [22]. Intracellular
mineralocorticoid receptors can then be activated specifi-
cally by aldosterone when the concentration of this hor-
mone in the circulation rises. The DCT of the mammalian
kidney, therefore, may be an aldosterone target tissue if it
is able to metabolize glucocorticoids to inactive metabo-
lites.
To test the hypothesis that the DCT is an aldosterone
target tissue, we sought to determine whether the thiazide-
sensitive NaCl cotransporter and 11b-HSD 2 were co-
expressed in rabbit DCT cells. First, the NaCl cotransporter
was cloned from the rabbit kidney. Second, expression of
NaCl cotransporter and 11b-HSD 2 genes in isolated
nephron segments was determined by reverse transcription
and PCR. Third, 11b-HSD 2 enzyme activity by isolated
nephron segments was assayed.
METHODS
Primer selection
For the Na-Cl cotransporter, sense (TG[CT]ATG[TC]
T[ATGC]AA[CT]AT[CTA]TGGGG) and antisense (GT-
[CATG]GTCCA[GA]AAAAT[GCAT]GCCA) degenerate
oligonucleotide primers located in putative transmembrane
segments 1 and 7 were selected based on the published
sequence of the Na-Cl cotransporter from winter flounder
bladder (Gene Bank accession # L11615) [9]. Comparison
of cloned human (Gene Bank accession # U44128), and rat
(Gene Bank accession # U10097) sequence permitted
selection of an additional pair of degenerate primers in two
regions of 100% amino acid identity: sense (CA[CT]A-
C[ACT]AA[AG]TGG[CT]T[GC]AA[CT]AA); antisense
(TCCAT[CT]CT[AG]TT[AG]AT[CT]TG[AGCT]CC). A
third exact-match primer pair was selected to bridge the
two cDNAs: sense (TAACGACATCGCATCATCGG);
antisense (GTCAGAGTAGAAGGCCTTGA). Primers
for the RACE protocols are described below.
Primers for the single-nephron reverse transcriptase-
polymerase chain reaction (SN-RT/PCR) experiments
were as follows: NaCl cotransporter sense, CATCGA-
CATCTACTGGCTCT; NaCl cotransporter antisense
TGCCGAAGGGACTTGATTCT; NaCl cotransporter in-
ternal, CCAACAAACACGCGGATCTT; 11b-HSD sense,
CGTGAGCAATGTGAGCCACT; 11b-HSD antisense,
AGCTCATCGAGCTCCCACTA; 11b-HSD internal, TT-
GTGGATGCCATCACCGAT.
RNA preparation and cDNA synthesis
Total RNA was isolated from rabbit kidney by homoge-
nizing 1 gram of tissue in Trizol Reagent (GIBCO BRL)
and processing according to manufacturers instructions.
Poly-A RNA was isolated subsequently from total RNA
using oligo-dT-cellulose (Boehringer Mannheim, Mann-
heim, Germany) and eluting with diethylpyrocarbonate-
treated (DEPC) water [23] at 65°C. One microgram of
polyA-RNA was primed with oligo dT and first strand
cDNA synthesized using Superscript II reverse transcrip-
tase (GIBCO BRL) in a final volume of 20 ml. Primers that
are gene-specific or coupled to adapter molecules were also
used to synthesize cDNA as described below.
Polymerase chain reaction
Amplitaq DNA polymerase (Perkin Elmer) was used
according to manufacturers instructions to amplify cDNA
fragments. One microliter of cDNA was used for each
polymerase chain reaction (PCR). All samples were heated
to 94°C for three minutes. Forty cycles of PCR were
performed as follows: denature at 94°C for one minute;
anneal at 50 to 55°C (degenerate primers) or 60°C (exact
primers) for one minute; extend at 72°C for one minute.
Cycling (Perkin Elmer DNA Thermal Cycler 480 or Hybaid
Omigene) was performed using block control of tempera-
ture and 0.5 ml microfuge tubes.
Rapid amplification of cDNA ends
Rapid amplification of 59 and 39 cDNA ends (RACE) of
the NaCl cotransporter transcript was performed using 59
and 39 RACE kits (GIBCO BRL) according to the manu-
facturer’s instructions. For 59 RACE, cDNA was synthe-
sized using a rabbit NaCl cotransporter-specific antisense
primer (GGTCCAGAAAATGGCCATGA). Two sequen-
tial PCR reactions were performed using primers supplied
in the kit and rabbit-specific nested antisense primers:
(TGAGGAAGTAGGTGCCACCT, outside); (GGTCAG-
TACAATCGCTGCCT, nested). For 39 RACE, cDNA was
synthesized using a kit adapter primer. Two sequential
PCR reactions were performed using primers supplied in
the kit and rabbit-specific nested sense primers: (GAG-
GAAGATCAAGGCCTTCT, outside); (CATCGACATC-
TACTGGCTCT, nested).
Cloning
cDNA fragments from PCR reactions were separated
electrophoretically on a 1% agarose gel (NuSieve) and the
band of expected size cut out. The fragment was simulta-
neously blunt-ended with T4-DNA polymerase and a 59
phosphate group attached using T4-polynucleotide kinase,
then purified using glass beads (Gene-clean; GIBCO
BRL). The purified cDNA was ligated into pBluescript
(Stratagene) previously cut at the EcoRV site and 59
phosphate groups removed using calf intestinal phospha-
tase. Competent E. coli cells (DH5a) were subsequently
transformed with the vector and white colonies selected
and grown in ampicillin-containing LB medium for extrac-
tion of the plasmid (QIAGEN maxi-prep). The insert was
cut out of the plasmid using EcoRI and HindIII and
analyzed on an agarose gel to confirm size of the cloned
cDNA fragment.
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Sequencing
Clones were sequenced using 35S -dATP incorporation
and the di-deoxynucleotide termination reaction of Sanger.
In addition, fluorescent sequencing was performed by the
Keck Foundation at Yale University. Multiple reads were
obtained for all clones and compared. Nucleotide sequence
reported in Figure 1 is a consensus of all readings.
Identification and dissection of the DCT, CCD and PT
New Zealand White rabbits (1 to 2.5 kg) were anesthe-
tized with Ketamine (50 mg/kg, sq) and sodium Pentobar-
bital (50 mg/kg, i.v.), kidneys removed via a flank incision
and chilled in ice-cold dissecting solution, and the rabbit
euthanized by overdose with Pentobarbital. RNAse-free
media, beakers and instruments were used throughout. The
dissection medium had a pH of 7.4 and contained in mM:
135 NaCl, 1 Na2HPO4, 1.5 MgSO4, 2 CaCl2, 5 mM KCl, 5
glucose, 5 HEPES. One millimeter transverse slices of the
kidney were transferred to a dissection dish that was placed
on the stage of a dissecting microscope fitted with a
water-chilled chamber. Sections were trans-illuminated and
tubules dissected by hand at 603 magnification using
sharpened forceps. Proximal convoluted tubules (PCT, S2)
and cortical collecting ducts (CCD) were dissected from
the medullary rays in the cortex. Usually it was possible to
obtain single nephron fragments 1 mm in length.
The DCT was identified by locating and dissecting the
structure consisting of a glomerulus with associated up-
stream thick ascending limb and downstream DCT and
CNT segments. The procedure for harvesting the DCT only
is described below. The nephron is cut within the DCT,
downstream of the transition from TAL to DCT. This
transition usually occurs close to the glomerulus and the
abrupt change in tubule diameter is not visible (when the
transition is visible, the DCT is cut downstream to this site).
Within the DCT, the nephron generally makes a haripin
turn and returns to its own glomerulus. Before the nephron
makes contact with the afferent arteriole [24], it undergoes
a transition from DCT to CNT (DCT length is approxi-
mately 0.5 mm from TAL transition to CNT transition). To
harvest the DCT only, the tubule is cut at the hairpin turn
(upstream from the CNT transition) yielding approximately
300 mm of DCT tissue per dissected nephron. This frag-
ment of DCT does not contain TAL cells or CNT cells.
To minimize contamination of specific nephron samples
with other cells, small bundles of tissue were separated first
from kidney slices and then transferred to a new dish for
final dissection in fresh medium. For single-nephron RT/
PCR experiments, a total of 1 mm of tubule (1 to 4 nephron
segments, see above) was adsorbed to a glass bead (0.5 mm
diameter) held by forceps and placed directly into a 0.5 ml
microfuge tube containing 10 ml of Lysis Solution I (2%
Triton, 5 mM dithiothreitol, 2.2 U/ml RNAsin, DEPC-
treated water). For the 11b-HSD 2 activity assay, a total of
0.5 mm of tubule (1 to 2 nephron fragments) was adsorbed
to a glass bead and placed in 3 ml of Lysis Solution II (5 mM
Tris, pH 7.5; 1.5 mM EDTA; 1.5 mM MgCl2). All samples
were frozen at 270°C until the time of the experiment.
Single-nephron RT/PCR
The SN-RT/PCR technique [25] was modified as de-
scribed by us previously [26]. Briefly, the rTth polymerase
kit (Perkin Elmer) was used to generate cDNA and per-
form PCR in the same tube. This enzyme functions as a
reverse transcriptase as well as DNA polymerase depend-
ing on the prevalent divalent cation. RT was performed in
the presence of manganese by adding to each sample tube
10 ml of a master mix containing the enzyme, nucleotides,
manganese, and the antisense primer, and incubating at
70°C for 15 minutes. PCR was performed in the presence of
magnesium by adding 80 ml of master mix containing a
manganese chelator, magnesium and the sense primer,
then cycling 40 times: one minute 94°C; one minute 60°C.
The reagent blank consisted of a tube that contained the
lysis solution and all other kit reagents but no tubule
sample. A positive control to determine the quality of the
kit reagents consisted of a tube with 50 ng of rabbit kidney
total RNA and was subject to both RT and PCR steps.
Finally, for tubule segments with negative results, a positive
control reaction was carried out to determine whether any
cDNA was synthesized: primers were used to amplify a
segment of the gene responsible for the oculo-cerebral-
renal syndrome of Lowe [26]. This gene product is ex-
pressed in all nephron segments examined from the glo-
merulus to the collecting duct [26] and serves as a positive
control for cDNA synthesis during the RT step. In pilot
experiments for each primer pair, tubes containing tubules
were used to test for PCR amplification from genomic
template by omitting enzyme in the RT step and adding
enzyme for the PCR step. Samples were electrophoresed
on a 2% gel, photographed to record ethidium bromide
staining and transferred to a nylon membrane (Gene
Screen Plus, DuPont).
Nylon membranes were Southern blotted using an inter-
nal 32P-labeled oligonucleotide primer as probe. Blots were
prehybridized for at least four hours in Church Gilbert (0.5
M sodium phosphate, pH 7.2, 1 mM EDTA, 7% SDS, 1%
bovine serum albumin, 100 mg/ml salmon sperm DNA) at
60°C then hybridized (106 CPM per ml) overnight. Blots
were rinsed once then washed for 30 minutes in 2 3 SSC
(SSC composition: 0.15 M NaCl, 0.15 sodium citrate, pH 7)
and 0.5% SDS at room temperature. The final wash at 45°C
was done for 5 to 30 minutes in 0.5 3 SSC and 0.1 SDS,
with periodic monitoring by a Geiger counter for low
background counts. Blots were exposed to film for up to
several days.
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Fig. 1. Open reading frame and predicted amino acid sequence of rabbit form of NaCl cotransporter. Numbers at left indicate amino acid position; numbers at right indicate base position.
Nucleotide sequence is consensus of overlapping PCR fragments as described in text, and an additional full length clone obtained using a proofreading enzyme (XL Taq Polymerase, Perkin
Elmer).
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Corticosterone metabolism
Conversion of 1 nM [1,2,6,7-N-3H]-corticosterone (New
England Nuclear, sp. act. 101.6 Ci/mmol) to 11-dehydro-
corticosterone [27, 28] by 11b-HSD 2 was determined by
incubating 0.5 mm of microdissected tubule segments (see
above for methods of dissection) permeabilized in Lysis
solution II in the presence of 1 mM NAD at 37°C in a final
volume of 60 ml with constant shaking. Aliquots were
removed at 15 minutes, 30 minutes and one hour, and the
reaction stopped by adding 2.5 volumes of 70% ethanol
containing unlabeled corticosterone and 11-dehydrocorti-
costerone (50 mg/ml each). Metabolites of corticosterone
were separated by HPLC using a Beckman Ultrasphere
ODS 5 mm column and isocratic elution with 70% metha-
nol performed as described previously [27, 28]. The rate of
the reaction was determined from the initial velocity.
Specificity of the reaction for the 11b-HSD 2 enzyme was
confirmed by incubating paired samples in the presence of
either 1 mM NAD or 1 mM NADP.
RESULTS
Cloning of the NaCl cotransporter
The PCR of rabbit cDNA using degenerate primers
based on flounder NaCl cotransporter sequence yielded a
band of the predicted size of 712 bp, which was cloned and
sequenced. Two additional cDNA fragments were cloned
by PCR using two additional sets of primers as described in
the Methods section. The extreme 59 and 39 ends were
obtained by 59 and 39 RACE. These different fragments
yielded overlapping sequence from which a consensus was
obtained. The coding region nucleotide consensus se-
quence and amino acid sequence is given in Figure 1. When
aligned with the NaCl cotransporter coding region of other
species (MegAlign, DNA Star, using Clustal method, gap
penalty of 10 for multiple alignments, and PAM250 residue
weight table), the rabbit form of the NaCl cotransporter
exhibits a high percent similarity to that of flounder
(61.5%), mouse (88.5), rat (88.9%), and human (90.3%).
SN-RT/PCR
To confirm expression of the NaCl cotransporter in the
DCT, SN-RT/PCR was performed using rabbit specific
primers. An ethidium bromide-stained agarose gel from an
experiment with PT, DCT, and CCD samples is shown in
Figure 2. The reagent blank (Methods section) was nega-
tive. A visible band was observed only in the DCT lane.
PCR using the same primers and performed without RT on
genomic template from 1 mm of tubule or from 1 mg of
rabbit genomic DNA did not amplify a band (data not
shown).
Samples from this and additional experiments were
subjected to gel electrophoresis, transferred to a nylon
membrane and Southern blotted using an internal oligonu-
cleotide primer for the NaCl cotransporter. The data in
Figure 3 show 0 of 6 positive PT samples, 6 of 6 positive
DCT samples and 3 of 6 positive CCD samples. The
reagent blank was negative and the 50 ng kidney total RNA
control sample was positive (see Methods for description of
controls). The data are consistent with NaCl cotransporter
expression in the DCT and CCD but not the PT.
To test whether 11b-HSD 2 is expressed in the DCT,
SN-RT/PCR was performed using rabbit specific primers.
An ethidium bromide-stained agarose gel from an experi-
ment with PT, DCT and CCD samples is shown in Figure
4. The reagent blank was negative and the 50 ng kidney
total RNA control sample was positive. A visible band was
observed in both the DCT and the CCD lane. A Southern
blot of this and additional samples was probed with an
internal oligonucleotide. Figure 5 shows 0 of 7 positive PT
samples, 7 of 7 positive DCT samples and 9 of 9 positive
CCD samples. The data are consistent with 11b-HSD 2 and
NaCl cotransporter coexpression in the DCT.
Fig. 2. Single nephron RT/PCR experiment
using NaCl cotransporter primers. Ethidium
bromide-stained band of expected size is visible
only in DCT lane. Markers are pBR 322, MspI
digest.
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Although the proximal tubule was negative for both the
NaCl cotransporter and 11b-HSD 2, cDNA was in fact
synthesized in all proximal tubule samples. We amplified
another gene (OCRL-oculo-cerebral-renal syndrome of
Lowe) from all nephron segments including the PT using
this method and have published these data [26]. This data
constitutes a positive RT/PCR control for the PT segment
when using this method.
11b-HSD 2 activity in microdissected nephron segments
To compare the distribution patterns of 11b-HSD 2
mRNA expression and the enzymatic activity of this en-
zyme, the rate of conversion of corticosterone to 11-
dehydrocorticosterone by dissected nephron segments was
determined. In preliminary experiments a micro-assay us-
ing 0.5 to 5 mm of dissected CCD was developed to
determine the minimum length of tubule necessary to
detect a signal. 11b-HSD 2 activity in both the DCT and
CCD was very high and significantly higher in the presence
of NAD than in the presence of NADP: values for DCT in
fmol/min/mm were 0.344 6 0.09 (NAD) versus 0.06 6 0.05
(NADP) (N 5 4), P , 0.05; values for CCD were 0.192 6
0.03 (NAD) versus 0.03 6 0.02 (NADP) (N 5 4), P , 0.05.
In a separate set of experiments, 11b-HSD 2 activity was
assayed with 0.5 mm of tubule in the presence of 1 nM
corticosterone and 1 mM NAD. Figure 6 shows that both
DCT and CCD have a high 11b-HSD 2 activity and
exhibited statistically significant rates of conversion of
corticosterone. The rates of conversion by the PT samples
were not different than vehicle alone and were numerically
equal to zero.
DISCUSSION
The mammalian distal convoluted tubule (DCT) is a
short, cytologically homogeneous (Appendix) nephron seg-
ment located immediately downstream of the post-macula
Fig. 3. Southern blot of multiple SN-RT/PCR
experiments using proximal tubule (PT), distal
convoluted tubule (DCT), and cortical
collecting duct (CCD) samples (N 5 6) and
NaCl cotransporter primers. Reagent blank was
negative and positive control was positive. No
proximal tubules were positive, whereas all
DCT samples and some CCD samples were
positive.
Fig. 4. Single nephron RT/PCR experiment
using 11-b-HSD primers. Ethidium bromide-
stained band of expected size was visible in
DCT and in CCD lanes. Markers are pBR 322,
MspI digest.
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densa thick ascending limb. The data from the present
study show that DCT cells express message for 11b-HSD 2
and also metabolize corticosterone to 11-dehydrocortico-
sterone via 11b-HSD 2. Thus, the DCT segment of the
nephron is likely a target for the action of aldosterone
where this hormone may regulate electroneutral absorption
of sodium and chloride.
We cloned the rabbit isoform of the Na-Cl cotransporter
(Fig. 1) and confirmed that in this species, NaCl cotrans-
port mRNA is expressed in the DCT. Previous in situ
hybridization experiments also showed exclusive localiza-
tion of NaCl cotransporter message to the DCT [13]. In
contrast, the present results suggest that the CCD also
expresses message for the NaCl cotransporter. However,
only three of six CCD samples were positive by Southern
analysis (all negative by ethidium bromide), whereas all
DCT samples were positive by ethidium bromide staining.
Reliable quantitation of the level of expression is not
possible in this study, however, the data are fully consistent
with previous in situ hybridization experiments that may not
have been sensitive enough to detect NaCl cotransporter
message in the CCD. Messenger RNA expression of the
NaCl cotransporter in nephron segments other than the
DCT is also consistent with previous functional data in rats
that provided evidence for thiazide inhibitable chloride
transport in CCD [29] and MCD [30, 31].
A previous report in the rabbit [32] suggested that the
DCT is not the site of thiazide-sensitive Cl transport.
Thiazide-type diuretics did not affect tracer lumen-to-bath
Cl flux by the DCT. It appeared instead that sodium
traversed an amiloride-sensitive pathway [32] and not a
thiazide-sensitive pathway in this segment. The results of
the present study, however, conflict with these data and
suggest that in the rabbit, the DCT is a primary site of
expression of the NaCl cotransporter. In rats there is a
general consensus that the DCT is the primary site of
expression of the NaCl cotransporter. A similar view can be
gained from previous results in human kidney [12] and data
from this and previous studies in rabbit [13]. We believe
that in mammals in general, the DCT is the predominant
site of expression of this transporter. This view cannot be
reconciled with the study cited above [32] in rabbits, which
did not detect thiazide-sensitive Cl efflux in the DCT and
Fig. 5. Southern blot of multiple SN-RT/PCR experiments using PT (N 5 7), DCT (N 5 7) and CCD (N 5 9) samples and 11-b-HSD primers. Reagent
blank was negative and positive control was positive. No proximal tubules were positive, whereas all DCT and CCD samples were positive.
Fig. 6. Rate of conversion of 1 nM 3H-labeled corticosterone to 11-
dehydrocorticosterone by 0.5 mm of dissected rabbit nephron segments.
Values are means 6 SE, N 5 3. Rates of conversion with vehicle and PT
were not different and numerically equal to zero. Significant rates of
conversion were observed in both DCT and CCD.
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suggested that in rabbits the CNT was the primary site of
expression of NaCl cotransport.
Previous studies in rats suggested that mineralocorticoids
influence salt transport by the DCT [15]. When distal
tubules of rats maintained on a low salt diet for seven days
were perfused with and without a thiazide-containing solu-
tion, the fraction of salt transport sensitive to chlorothia-
zide was increased compared to animals maintained on a
high salt diet. The amount of sodium delivered out of the
loop of Henle to the distal tubule and the size and number
of DCT cells was not altered by the high and low salt diets.
Although plasma aldosterone was not determined, it is
likely that this dietary NaCl restriction increased circulating
aldosterone levels. The data were consistent with the
possibility that high circulating aldosterone induced by a
low salt diet may be involved in stimulating electroneutral
thiazide-sensitive salt transport by the distal convoluted
tubule. The findings of the present study strongly support
this hypothesis.
That corticosteroids may be involved in regulating thia-
zide-binding proteins is also supported by biochemical
data. In rats, Fanestil and co-workers [16, 17] measured
3H-metolazone binding to kidney membranes. The admin-
istration of either fludrocortisone, a potent mineralocorti-
coid agonist, or aldosterone or the synthetic glucocorticoid
dexamethasone increased the binding of labeled metola-
zone to kidney membrane proteins. Autoradiography of
3H-metolazone in kidney sections [8] identified a minority
tubule population in the cortex suggesting that the distal
tubule was the site of this mineralocorticoid action.
Thus, in order to test directly whether corticosteroids
influence thiazide-sensitive salt transport by the distal
tubule, aldosterone and dexamethasone were infused into
adrenalectomized rats. The net rate of NaCl absorption by
individual perfused distal tubules was then measured in
both the presence and absence of luminal chlorothiazide
[18]. Although aldosterone stimulated thiazide-sensitive
sodium and chloride transport by the distal tubule, the
glucocorticoid receptor-specific agonist dexamethasone
also stimulated thiazide-sensitive sodium and chloride
transport. Thus, the ability of both aldosterone and dexa-
methasone to exert an effect suggests that both types of
receptors are present in the DCT cell.
However, the affinity of the mineralocorticoid receptor is
approximately the same for mineralocorticoids and glu-
cocorticoids [21]. Mineralocorticoid specificity can be im-
parted to an aldosterone target tissue by the presence of an
enzyme that breaks down endogenous glucocorticoids [22].
This enzyme is 11b-hydroxysteroid dehydrogenase. Thus,
when glucocorticoids, circulating at 100 to 1000 times the
concentration of aldosterone, enter a cell expressing the
enzyme 11b-HSD, they are rapidly broken down to metab-
olites that do not interact with the MR. This cell would now
be responsive to mineralocorticoids and would permit a
change in the concentration of aldosterone in the circula-
tion to be effective.
Two types of 11b-HSD have been identified. 11b-HSD 1
is located primarily in liver and the proximal tubule, has
both dehydrogenase and reductase activity, has a lower
affinity for corticosterone, and requires NADP. 11b-HSD 2
has only dehydrogenase activity, 100-fold higher affinity for
corticosterone than the type 1 enzyme, and requires NAD
[28]. The second form has been localized to the principal
cells of the renal collecting duct [27, 28].
If the DCT is an aldosterone target tissue, we predict
that glucocorticoids should be broken down in this tissue as
well as in the principal cells of the CCD. In the present
study we sought to determine whether in the rabbit, the
DCT coexpressed NaCl cotransporter and 11b-HSD 2. The
results show that 11b-HSD 2 mRNA was expressed in 7 of
7 DCT and 9 of 9 CCD. No positive lanes were detected in
the proximal tubule samples. The expression of 11b-HSD 2
by the distal convoluted tubule is consistent with it being a
target tissue for aldosterone.
In order to test directly for the ability of cells to
metabolize corticosterone to 11-dehydrocorticosterone,
permeabilized tubules were incubated in the presence of 1
nM 3H-corticosterone and NAD. These conditions should
reveal dehydrogenase activity of the high affinity type 2
enzyme and not of the type 1 enzyme. In a previous study,
approximately 104 principal cells were isolated by fluores-
cence activated cell sorting and assayed for activity [33]. A
micro-assay was developed that used 100- to 200-fold fewer
cells, the approximate number of cells present in 0.5 to 1
mm of dissected nephron. Pilot experiments were per-
formed in CCD samples, because 11b-HSD 2 enzyme
activity originally was described in these cells [27]. A very
high rate of conversion was found in as little as 0.5 mm of
tubule. As depicted in Figure 6, enzyme activity in proximal
tubules and in vehicle alone were not measurable. How-
ever, high levels of conversion of corticosterone were
detected in both the DCT and in the CCD. This reaction
was NAD dependent, demonstrating the presence of 11b-
HSD 2 activity in DCT and CCD cells. Thus, the DCT of
the rabbit is able to metabolize endogenous glucocorticoids
to metabolites that are not able to interact with mineralo-
corticoid receptors.
Taken together, these and previous data suggest that the
mammalian DCT expresses the NaCl cotransporter. NaCl
absorption by the DCT may be regulated by aldosterone;
this is facilitated via the action of 11b-HSD 2 to metabolize
glucocorticoids that enter DCT cells. We hypothesize that
the DCT is a target tissue for aldosterone and that this
hormone is involved in the regulation of electroneutral
thiazide-sensitive NaCl absorption by the mammalian kid-
ney. The strategic positioning of electroneutral sodium
transport in the DCT upstream to electrogenic sodium
transport by the collecting duct, each under the influence of
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aldosterone, may serve to improve the overall effectiveness
of renal salt retention during low volume states.
ACKNOWLEDGMENTS
This work was supported in part by the Department of Veterans Affairs,
and by a Grant in Aid of the American Heart Association. Part of this
work was conducted during the tenure of an Established Investigatorship
of the American Heart Association to D. H. Ellison.
Reprint requests to Heino Vela´zquez, Ph. D., VA Connecticut Healthcare
System, Research Office 151, 950 Campbell Ave., West Haven, Connecticut
06516, USA.
E-mail: heinove@ct1.nai.net
APPENDIX
The term “distal tubule” refers to the region of the nephron between
the macula densa cells and the confluence of the nephron with another to
form the cortical collecting duct. The distal tubule is a heterogeneous
structure comprising a short post-macula densa thick ascending limb
portion, the distal convoluted tubule (DCT), the connecting tubule (CNT)
and the initial collecting tubule (ICT).
The initial portion of the DCT is homogeneous in all species. In humans
and in rats intercalated cells begin to appear before the junction with the
CNT. In the rat, a second type of DCT cell has been identified (DCT2),
located prior to the junction with the CNT [12].
Abbreviations in this article are: 11b-HSD, 11b-hyhdroxysteroid dehy-
drogenase; CCD, cortical collecting duct; CNT, connecting tubule; DCT,
distal convoluted tubule; DEPC, diethylpyrocarbonate; ICT, initial col-
lecting tubule; MCD, medullary collecting duct; NAD, nicotinamide
adenine dinucleotide; NADP, nicotinamide adenine dinucleotide phos-
phate; PCT, proximal convoluted tubule; PT, proximal tubule; RACE,
rapid amplification of cDNA ends; SN-RT/PCR, single-nephron reverse
transcriptase-polymerase chain reaction; TAL, thick ascending limb;
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